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A heat-transfer inveetigation wae oonduoted with air flowing 
through an eleotri~lly heated silioon -bide tube with a rounded 
entranoe, an inside diameter of 3/4 inoh, and an effeotive heat- 
transfer length of 12 inches over a range of Reynolds nuuibers up 
to 300,000 and a range of average iaeide-tube-wall temperaturee up 
to 2500° R. The highest oorrespoading local outeide-tube-wall 
temperature was 3010' R. 

Correlation of the heat-transfer data using the conventional 
Nueselt relation wherein phyaioal propertie of the fluid were 
evaluated at average bulk temperature resulted in a eeparation of 
data with tube-wall-temperature level. A eatisfaotory oorrelatLon 
of the heat-tranefer data was Ob%&ined, however, by the use of 
modified correlation parameters wherein the mass velocity G (or 
product of average air'density and velooity evaluated at bulk 
temperature PbVb) in t@e Reynolds number was replaoed by the 
product of average air velocity evaluated at the bulk temperature 
and density evaluated at either the average ineide-tube-wallteun- 
perature or the average film'temperature; in addition, all the 
physical properties of air were oorrespondingly evaluated at either 
the average inside-tube-wall temperature or the average film tem- 
perature. 

A general program hae been undertaken at the NACA Iewia lab- 
oratory to obtain surface-to-fluid foroed-oonveotion heat-transfer 
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data and aeeooiated information over a range of high'eurface tem- 
peratures and heat-flux densities. 

As the firet phaee of the program, a heat-transfer InveSti- 
g&ion waft uonducted with air flowing through an electrically 
heated &cone1 tube over a range of Reynolds numbers up to 250,000 
and a range of average inside-tube-wall temperatures up to 1700' R, 
the reeulte of which are reported in reference 1. Referenue 2 
enlarges upon the heat-trwfer and seeooiated data preeented in 
referenoe 1 and extends the inveetigation to lnolude range8 of 
Reynolde number up to 500,000 and average ineide-tube-walltem- 
perature up to 2050' R. 

Aa a continuation of the general heat-tranefer program, the 
investigation reported herein wae conduoted with air flowing through 
an electrioally heated silicon oarbide tube to obtain heat-transfer 
data over a greater range of surface temperature than was poeefble 
with the Inoonel tube. Data vere obtained over rangea of Reynolds 
number up to 300,000, average ineide-tube-wall temperature up to 
2500° R, heat-flux density up to 600,000 Btu per hour per equare 
foot, and tube-exit Mach number up to 0.50. Average heat-transfer 
ooeffioients are oorrelated In sooordanoe with the femlliar Nusselt 
relation end with modifiuatlona thereto. Preeeure-drop data are 
oorrelated with air flow and the ratio of tube-entrance- to tube- 
exit-air deneity. 

APPARATUS 

A schematic diagram of the heater tube and aesociated oompo- 
nente of the air and electrical eyetema ueed in thie Investigation 
18 8hown in figure 1. A photogruph of the heater-tube inetallation 
18 ehown in figure 2. !l?he setup, in genersl, was 6Imilar to that 
of referen- 1 and 2. 

Heater Tube 

The heater tube, the detail8 of which are &own In figure 3, 
ocareisted of a ocxnmercial siliaon carbide tube having an ineide 
diameter of 3/4 inch, a wall thicknese of 3/16 inoh, and a total 
length of 21 inches. The ~lilioon oarbide material need in the 
center l2-inch section of the heater tube had 8 higher resistivity 
than that wed in the ende, thereby fozming a oontinuous oeramio 
tube with a l2-inch hot section at the oenter (taken ae the effec- 
tive heat-transfer length) and a 4&inch Cold e&ion for teZIUina1 

c 

c 



, RACARM E9m2 

connectian at eauh end. Two braided-aluminum-wire terminal straps, 
olsmped to the tube at each end, oonnected the hestir tube to the 
electrio power source. 

An A.S.M.E. type long-radius low-ratio nozzle of the same 
throat diameter as the inside diameter of the tube was used to 
measure the airflow and aleoto provide a smoothair entranoe into 
the heater tube. The heater tube was asoured in position by two 
packing glands, one fastened to the nozzle plate at the tube 
entrance and the other to a plate at the tube exit. 

The heater tube was thermally insulated by three oancentrio 
stainless-steel radiation shields with insulating cement filling 
the annular spaces between the shields. The total thickness of the 
insulation and shielding was * %nches. 

Outside-tube-wall temperatures were measured by 13 ohrcrmel- 
alumel thermooouples looated at l-inch intervals along the top of 
the 12-inoh effeotive heat-transfer length and one additional 
thermocouple located l/2 inch outside each end of the hot section. 
The thermocouples were cemented to the outside wall of the tube and 
wrapped a quarter turn around the tube to reduce conduction losses. 
Frequent tispeotion verified oontaot between the thermocouple junc- 
tion and the tube wall. Temperatures were read by means of a 
manually operated potentiometer. 

Air System 

Air at a maximum pressure of about 50 pounds per square inoh 
gage and a temperature of about 340° R was supplied through a 
pressure-regulating valve, air filter, air preheater, and a 
0.620~inch A.S.M.E. type flat-plate orifioe to 8 large surge tank, 
88 indicated infigure 1. Ekcm the surge tsnk, the air passed 
through a galmIng tank, the tube-entrance flow nozzle, and the 
heater tube into the mixing tank where it was discharged to the 
atmosphere. Theeurgetaak,calmingtank,mixingtadk,anaentranoe 
and exit piping adjoining the heater tube were thermally insulated. 

The mixing tank contained three oonoentrio tubes so arranged 
that the air leaving the heater tube made three axI&1 passes through 
the mixing chamber before being disoharged to the atmosphere. Two 
staggeredbaffles plaoedhalfwaythroughthe innermost tube insured 
w of the heated air. The mixing tank was mounted on rollers 
to acoomodate thermal expansion of the heater tube and was oounter- 
weighted to overcame rolling friotfon during thermal contraction 
of the tube. 
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The temperature of the air entering the heater tube was meas- 
ured by two iron-constantan thennooouples looated at the exit of 
the calming tank. The temperature of the air leaving the heater 
tube was measured by two obramel-alumel thermocouples looated 
immediately downstream of the staggered baffles in the mixing 
chamber. Two static-pressure taps, one at the throat of the nozzle 
and the other in the tube-exit plate, vere used to measure the 
pressure drop across the heater tube. 

Eleotrloal System 

Power was supplied to the heater tube from a 206-volt 60-oyole 
alternating-current supply line stepped down to 120 volts through 
enautotransformer. A saturable reactor was cmeoted in one of 
the power leads between the autotransformer and the heater tube. A 
rheostat, placed in the 125-volt direct-current supply line to the 
reactor, was used to control the degree of saturation of the reactor 
and oorresponding power input to the heater tube. The aapaoity of 
the electrio equipment was 15 kilovolt-amperes. , 

The power supplied to the heater tube was measured by a watt- 
meter. A voltmeter connected across the terminal straps and an 
ammeter connected in me of the oopper power leads were used to 
measure voltage drop end current through the tube, reepectively. 
The meter and current 0011 of the wattmeter were uonneoted to the 
load through ourrent trsneformers. 

Air-flow measurements. - Air-flow-calibration ourves for the 
previously desoribed long-radius low-ratio noezle snd the flat- 
plate orifice were caloulated using established A.S.M.E. flow 
coeffioiente and equatirme available for these types of flow meter. 
The measured air flows, as indloated by the two individually call- 
brated meters, checked within 5 peroent over the range investigated. 

Tube-wall-temperature measurements. - In order to determine 
whether the outside-tube-wall temperatures (as indioated by the 
ohrcvnel-alumel thermocouples in o-&tact with the wall) were affected 
by ourrent flowing through the tube, power was supplied to the 
heater tube until a predetermined observed tube-wall tiperature 
was reached and conditions were stibilised. The power was then 
shut off end the readinga of several thermooouplee were recorded at 
5-second intervals. The temperature obtained by extrapolating the 
curve of the observed time-temperature readings to zero time for 

. 
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each thermocouple was in agreement with the observed temperature 
reading just prior to the time of power shut off. The observed 
wall-temperature readings were therefore ocncluded to be insensi- 
tive to the 60-cycle current and to any stray fields that may have 
existed about the tubs. 

Leakage air-flow lossee. - As a result of the process used in 
forming the silioon carbide tube, a certain amount of porosity 
existed in the heater-tube wall. A calibration of leakage air flow 
through the tube wall was therefore made over a -range of average 
tube-wall temperatpree and average static pressures in the tube. A 
predetermined pressure was established in the tube with the exit end 
closed (only leakage air flowing) end the air flow recorded for 
various values of average tube-wall temperature. The procedure use 
repeated for a range of average statilo pressures in the tube. The 
leme air flow thus obtained for a given average tube-walltem- 
perature and average static% pressure in the tube was cctusidered to I - be equivalent to that existing at the seme temperature and pressure . 

. conditions during the heat-transfer runs. 

The resulting oalibration curve of the tube-wall leakage air 
flow is shown in figure 4 plotted against average outefde-tube-wall 
temperature for a series of values of the ratio of average statio 
pressure in the heater tube to atmospherio pressure pt/p, (where 
pa is about 14.7 lb/eg in. absolute). For a constant value of 

PJP,, the leakage air flou through the tube wall decreases with 

increasing tube-wall temperature. This trend may be accounted for 
by the fact that an increase In temperature causes both an increase 
in the viscosity of air and an increase in the grain size (with 
oonsepuent reducticm in porosity) of 8 oeramio. 

External heat losses. - The external heat lose from the heater 
tube includes losses through radiation, conduction, and natural 
convection plus an addItiona heat loss effeuted by air leakage 
through the tube wall. An external-heat-loss calibration was made 
over a range of average tube-wall temperatures and a range of values 
of pt/pa fn a manner similar to that used in determining leakage 
airflow. For a given tube-wall temperature and value of pt/pa 
(vith only leakage air flowing), the power input to the tube was 
considered to be equivalent to the external heat loss existiag at 
the same temperature and pressure cc&itionk during the heat- 
trsnsfer runs. The resulting calibration curve of the external heat 
loss plotted against average outside-tube-wall temperature is shown 
in figure 5 for a series of values of the ratio pt/p,. 
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Heat-transfer runs. - Surface-to-fluid heat-transfer coeffi- 
oients and aesooiated data were obtained over ranges of Reynolds 
number up to 300,000, average inside-tube-wall temperature up to 
2500° R (looal outside-tube-wall temperature reaching 3010° R), 
heat-flux density up to 600,000 Btu per hour per square foot, and 
exit Mach number up to 0.50. 

The first silicon oarbide heater tube used in this investigation 
failed after heat-transfer data were obtained up to an average 
inside-tube-wall temperature of 1675' R. A second tube, having the 
same composition and physical dimensions as the first, was instru- 
mented and installed In the setup. Data on the second tube were 
obtained at average inside-tube-wall temperatures of 785Q, 1161°, 
1722O, 2125O, and 2502' R. 

In establishing a test oondltion, the tube-entrance air pres- 
sure was set at the minimum value that could be obtained with the 
pressure-regulating valve; power was then supplied to the heater 
tube until the desired average inside-tube-wall temperature was 
obtained and stabilized. All temperature, pressure, and power- 
input readings were then recorded. The procedure was repeated for 
euczoessive air flows throughout the desired 'range of Reynolds 
number for the same average tube-wall temperature. 

The following symbol6 are used in the calculations: 

A cross-sectional area of fluid stream, 0.00307 (sq ft) 

=P 8perXtfic heat of air at constant pressure, (Btu/(lb)(°F)) 

D inside diameter of heater tube, (f-t) 

G -0s -lo~ity, wcorr/A, (lb/b) (8s. fi)) 

=z external heat lose, (Btu/hr) 

h average heat-transfer coefficient, (Btu/(hr)(sq ft)(%')) 

k thermal conduotlvlty of air, (Btu/(hr)(eq ft)(OF/ft)) 

kt thermal conductivit of tube material (eilicon carbide), 
(Btu/bd (w j-1 (kft)) 

L effective heat-transfer length of heater tube, (ft) 
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AP 

Ptjpa 

Q 

ri 
r 0 

S 

Tb 

Tf 

TO 

f Ts 
\ 

Tl 

T2 
V 

W corr 

w2 

wt 
f P 

P 

pJo2 

Ol 

bD 
k 

static-pressure drop through heater tube, (lb/q ft) 

r&lo of average statio pressure in heater tube to 
atmospheric preesure 

rate of heat transfer to air, (Btu/hr) 

inner radius of heater tube, (ft) 

outer radius of heater tube, (ft) 

effective heat-transfer area of heater tube, 0.1965 (sq ft) 

air bulk temperature (average total air temperature), 
l/2 (Tl + T2), (OR) 

average film temperature, l/2 (Tb + T,), (OR) 

average outside-tube-wall temperature, (OR) 

average inside-tube-wall temperature (surface temperature), 
(-3 

total air temperature at heater-tube entranoe, (OR) 

total air temperature at heater-tube exit, (OR) 

velocity of air, (ft/hr) 

correoted air flow, Wt - $Wz, (lb/hr) 

tube-wall leakage air flow, (lb/hr) 

total air flow at tube entrance, (lb/hr) 

absolute vieoosity of air, (lb/(br)(ft)) 

density of air, (lb/cu f-t) . 

ratio of air densities at entrance and exit of heater tube 

ratio of air density at tube entrance to standard sea-level 
air density, P1/0.0765 

Ruseelt number 



Prandtl number 

PbVbD Reynolde number, - 
pb 

modified film Reynolds number 

modified surface Reynolde number 

Subscripts: 

b physical properties 
tU33 Tb 

f phyeical properties 
perature Tf 

s physical propertiee 
wall temperature 

of air evaluated at air bulk tempera- 

of air evaluated at average film tern- 

of air evaluated at average inside-tube- 
T* 

METHODS OF CALCULATIOR 

Temperatures. - The average outside-tube-wall temperature To 
was obtained by measuring the area under a curve of the temperature 
distributim along the effective heat-transfer length (ae obtained 
fram thermocouple readinge) and dividing the area by the effective 
heat-transfer length. 

The average inaide-tube-wall temperature Ts was then cal- 
culated from the average outside-tube-wall temperature, the rate of 
heat transfer to air, and the thermal conductivity and physical 
dimensions of the heater tube by the following equation (derived in 
referenoe 3): 

2 
TEi = To - Q  - ri 

&-CL kt; ho2 - ri2) 2 
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In the foregoing equation, the assumption is made that heat is 
generated uniformly across the tube-wall thitiess and the heat flow 
from every point in the tube wall is radially inward. Substituting 
the values for thermal conductitity of ailIcon carbide (assumed 
constant) and physical dimensions of the heater tube reduces the 
equation to 

. . 

Ts = To - 0.00368 Q 

A value of LO.0 was used for the thermal conductivity of 
silicon carbide because of the lack of data on its variatiw. with 
temperature. The possible error introduced is negligible inasmuch 
as the calculated temperature drop across the tube-wall thictiess , is small compared with the difference between the average Inside- 
tube-wall and the afr bulk temperatures. 

The air bulk temperature was taken as the average of the heater- 
tube entrance and exit total-air temperatures Tl and T2, 
respectively. The average film.tempera&re Tf was taken as the 
average of the air bulk temperature and the average inside-tube- 

. wall temperature. 1 
Seat-transfer coefficient. - The average heat-transfer coeffi- 

cient h was caloulated by the following equation: 

h= wcom Cp,b (T2 - Tl) 

8 (Ts - Tb) 

The air-flow term Wcorr used in this equation included a 
correction for the air leakage through the heater-tube wall. For 
a given condition, only one-half of the leakage air entering the 
tube was assumed to be effectively heated to the exit total-air 
temperature T2; *he corrected air flow Wcorr was therefore 
taken as the total flow entering the tube Wt less one-half the 
correspondfng tube-wall leakage flow Wz as determined from fig- 

ure 4. The maximum value of tube-wall leakage flow encountered 
during the heat-transfer runs was less than 10 percent of the total 
flow entering the tube. 

physical properties of air. - The values used herein of spe- 
oific heat at constant pressure =Pj thermal oonductivity k, 
absolute viscosity p, and corresponding values of Prandtl 
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number v/ k for air were obtained from reference8 4 and 5 and 
are plotted in figure 6 as a function of temperature. The data of 
reference 4 covered a temperature range from 351° to 2060° R and 
were the same as the data used in the investigation8 of refer- 
encea 1 and 2. The data corresponding to temperatures from 2060' 
to 2600° R were obtained from reference 5 and were slightly adjusted 
at the low-temperature end to provide continuity with the data of 
reference 4. 

RESULTS AND DISCUSSION 

Tube-Wall-Temperature Distribution 

Axial-temperature-distribution curve8 showing the out&d a - 
tube-wall temperature along the effective heat-transfer le h.'<of 

%I the heater tube for the condition of no air flow are presen in 
figure 7 for varioue values of electric heat input and corresponding 
average outeide-tube-wall temperature. The steep temperature 
gradients at the entrance and exit of the hot section are a result 
of the heat-oonduotion loaaes through the terminal &raps and tube- 
end supporting plates. The curves are approximately symmetrical 
about the center of the hot section. 

Representative outside-tube-wall-temperature-distribution 
curve8 for the condition of air flowing through the tube are shown 
in figure 8 for five values of electric heat input and resulting 
average outside-tube-wall temperature. Figures 8(a) and 8(b) are 
for nominal Reynolds numbers of 47,500 and 157,000, respectively, 
based on the air bulk temperature. The curves indicate a shift of 
the peak temperature toward the tube exit with an increaee in 
Reynolds number. A steep temperature gradient, similar to that for 
the no-flow oondition (fig. 7), exists at each end of the hot 
section. 

Heat Balance 

A heat balance for the heat-tretnefer rune oonducted an both 
the first and second silicon carbide tubes is shown in figure 9 
wherein the value for rate of heat transfer to air plue the external 
heat loss (obtained from fig. 5), (Wt - WZ)~p,b(T2 - Tl) + Hz is 
plotted against the corresponding value of electric heat input. 
Inasmuch as the value of external heat 1088, as obtained from fig- 
ure 5, includes the heat lost to the leakage air, the total air 
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flow wt less the leakage flow Wz was used to evaluate the 
Corresponding rate of heat transferred to air for use in the heat 
balance. The heat-balance data have a maximum deviation of about 
5 percent from the match line. 

- Correlation Of Heat-Transfer CoeffiCieIItS 

Inasmuch as the data obtained with the first tube were incom- 
plete (because of tube failure), only the data obtained with the 
second heater tube are presented in the development of a satisfac- 
tory heat-transfer correlation. The data for the first tube, 
however, are included for comparison in the final correlation 
method. 

Correlation based on air bulk temperature. - The data of this 
investigation are presented ti figure 10 in accordance with the 
conventional correlation method wherein Husselt number divided by 

Prandtl number raised to the 0.4 power (-,kJp;~y-4 is 

plotted against Reynolds number DC&, with the physical properties 
of air evaluated at the a5.r bulk temperature. 

A family of parallel lines representing the five average 
inside-tube-wall-temperature levels investigated and having slopes 
of about 0.82 at Reynolds numbers above approximately 40,000 were 
obtained. At lower Reynolds numbers, the data fall off indicating 
the presence of tran8ition flow. The values of the heat-transfer 

parameter p%)/~p9i;)O" decrease progresrsively with an 

increase in tube-wall temperature; the value at 2502O R is about 
35 percent lower than that obtained at 785O R at a Reynolds number 
of 70,000. A decrease in the value of the heat-transfer parameter 
with an increase in tube-wall temperature was alSO observed in the 
data of references 1 and 2. Included for oomparieon is the line 
(dashed) obtained from reference 6, wherein the results of various 
investigator8 were correlated using the same values of physical 
properties of air as were used herein (fig. 6). The reference line 
was obtained by traIISpOSi.ng data from a Stanton number plot in 
reference 6 to the coordinates of figure 10 with the Prandtl number 
assigned a value of 0.70, which correspond8 to the physical prop- 
erties of air at 5800 R (fig. 6). The low-temperature data of 
references 1 and 2 (not shown) were in agreement with the line of 
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referenoe 6, whereas the low-temperature data of this investigation 
fall above the line of reference 6. 

This discrepancy may be due to one or more of the following 
factors that must be taken into consideration in evaluating the 
present data: 

1. As previously mentioned, the surface area S USed in cal- 
culating the average heatd?XnSfer ooeffioient h Included only 
the area of the high-resistance section of the tube. Inasmuch as 
the end sections contributed an indeterminable amount to the total 
heat transferred, the calculated values of the heat-transfer 
coefficients may be different from the actual values. 

2. In view of the large difference between the tube-wall and 
air-temperature distributions along the tube length, the average 
heat-transfer coefficient h calculated from the difference between 
the average wall and average air temRerature8 may not be a true 
average of the local heat-transfer coefficients. 

3. Increased turbulence resulting fron a high degree of rough- 
nees of the tube wall may result in higher than normal heat-transfer 
coefficients. 

4. Bleeding off of the boundary layer as a result of air 
leakage through the tube wall may result in higher than normal heat- 
transfer coefficients. 

Correlation based on surface temperature. - The data are 
replotted in figure 11 with the physical properties of air evaluated 
at the average inside-tube-wall temperature (surface temperature). 
The lines through the data representing the five wall-temperature 
levels show the same general characteristics as pointed out in fig- 
ure 10; in this case, however, the separation of data for the same 
range of wall temperature8 is greater, the value of 

(~A/(yY.p~*4 at 2502O R being about 50 percent lower than 

that obtained at 785' R at a ReyXd.dS number of 70,000. If the 
phyeioal propertiee of air were evaluated at the average film tem- 
perature, the separation of data for the same increase in wall 
temperatures would be between the 35-percent and 50-peroent decrease 
in values indicated in figures 10 and 11. 

. 

I 

I Correlation based on modified surface Reynolds number. - The 
heat-traIISfer data are replotted in figure 12 wherein the mass 
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velocity G (or pbvb) in the conventional (or bulk) Reynolds 
number is replaced by the product of air density evaluated at the 
average inside-tube-wall temperature p, and average velocity 
evaluated at the bulk temperature vb; In addition, all the 
physical properties of air are evaluated at the average inside- 
tube-wall temperature. This modified surface Reynolds number is 
related to the conventional Reynolds number by the following 
equation: 

This method of plotlAng (fig. 12) results in a satisfactory 
correlation of the data for the five tube-wall-temperature levels 
investigated although a slight temperature effect still exists. 
The slope of the line drawn through the data above a Reynolds 
number of approximately 10,000 is 0.83. 

Included for comparison is the line (dashed) from reference 1 
that was obtained by the same method and correlates heat-transfer 
data from a similar setup (using an kccnel tube) for ranges of 
inside-tube-wall temperature up to 1700° R and Reynolds number 
above 10,000. The slope of the reference line is 0.80. The higher 
heat-transfer COeffiCieIItS obtained in this investigation as Cam- 
pared with those shown by the reference correlation line may again 
be accounted for by one or more of the factors mentioned in the 
discussion of figure 10. For these reasons, it is believed that 

-. the results of reference 1 are more accurate then the results 
presented herein. The results of this investigationare of 
interest, however, in that they indicate that the method of cor- 
relation based on the average inaide-tube-wal$ temperature still 
applies up to tube-wall temperatures of 2500 R, the ltiit of this 
investigation. 

COZTelatiOn based on modified film Reynolds number, - The 
data are replotted in figure l-3 wherein the mass velooity G 
( or obvb) in the Reynolds number is replaced by the product of 
air density evaluated at the average film temperature of and 
average velocity evaluated at the bulk temperature vb; in 
addition, all the physical properties of air are evaluated at the 
average film temperature. The relation between the modified film 
Reynolds number and the conventional Reynolds number is given by, 
the following equation: 
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This'method of plotting (fig. 13) results in a good correlation of 
the data over the ranges of average Inside-tube-wall temperature 
and Reynolds number investigated. This correlation is better than 
that obtained using the modified surface Reynolds number (fig. 12) 
for the present data. For the data of reference 1, however, the 
modified surface correlation proved slightly better than the modi- 
fied film correlation. The results of the investigation reported 
herein are not considered sufficiently aocurate to serve as a basis 
in choosing between the average film temperature and the average 
inside-tube-wall temperature for evaluation of the physical prop- 
erties of air in the correlation equation. 

For purposes of comparison, the data of figure 13 are replotted 
in figure 14 with additional heat-transfer data obtained on the 
first heater tube. This method of plotting (modified film Reynolds 
number) also correlates the d8ta for the first tube throughout the 
range of tube-wall temperatures investigated, the slope of the 
correlation line (dashed) being 0.75. The difference in slope 
between the two oorrelation lines, whiuh becomes apparent at 
Reynolds numbers above 20,000, is not clearly understood, but lnay 
be partly due to inherent differences in tube-wall roughness. 

Pressure-Drop Correlation 

Measured values of static-pressure drop through the second 
heater tube are correlated in figure 15 where the product of the 
ratio of air density at tube entrance to standard sea-level density 
crl and the pressure drop through the tube Ap divided by cor- 
rected air flow to the 1.86 power WcoM' 1*86 18 plotted against 
the ratio of air densities at the entrance and exit of the heater 
tube p1/p2* The exponent 1.86 on corrected air flow was obtained 
from ,logsrithmic plots of CIAp against W,,, for constant 
values of Pl/p2. The densities Pl/P2 were evaluated at the 
static pressure and total temperature at the entrance and exit of 
the tube, respectively. The pressure-drop data correlate within 
a maximum deviation of A.10 percent. 
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The results of the heat-transfer investigation with air 
flowing through an electrically heated silicon oarbide tube with a 
rounded entrance, an inside diameter of 3/4 inch, and an effective 
heat-transfer.length of 12 inches for ranges of Rvolds number up- 
to 300,000 and average inside-tube-wall temperature up to 25COo R 
(COZTeSpOnding local outside-tube-wall temperature reaching 
3010' R) showed that: 

1. Correlation of average heat-transfer coefficients using 
the conventional Nusselt relation, wherein physical properties of 

* the fluid are evaluated at the air bulk temperature, resulted in a 
separation of data with tube-wall-temperature level; at a Reynolds 
number of 70,000, the Nuaselt number decreased about 35 peroent 
withan increase in average inside-tube-wall temperature from 785O 
to 2502O R. A similar effect resulted when the physical properties 
of air were evaluated at the average inside-tube-wall temperature, 
although in this case the Nusselt number deoreased about 50 peroent 
for the same increase in average tube-wall temperature. 

2. A satisfactory correlation of the heat-transfer data over 
the ranges of Inside-tube-wall temperature and Reynolds number 
investigated was obtained by the use of modified correlation methods 
wherein the mass velocity G (or produot of average air density and 
velocity evaluated at bulk temperature pbVb) in the Reynolds number 
was replaced by the product of average velocity evaluated at the 
bulk temperature and density evaluated at either the average inside- 
tube-wall temperature or the average film temperature; in addition, 
all the physical properties of air were oorrespondingly evaluated at 
either the average inside-tube-wall temperature or the average film 
temperature. The correlation based on the average film temperature 
was somewhat better than that based on the average inside-tube-wall 
temperature. Beoause of uncertainties In evaluation of the heat- 
transfer coefficients, suuh a8 the bleeding off of the boundary layer, 
the results of this Investigation are not considered sufficiently 
accurate to serve as a basis in choosing between the average film 
temperature and the average inside-tube-wall temperature for evalu- 
ation of the Rhysical properties of air in the oorrelation equation. 

Lewis Flight Propulsion Laboratory, 
/ National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 

. 
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Figure 8. - Concluded. Outside-tube-wall-temperature distribution along 

effective heat-transfer len h for various amounts of electric heat 
input and constant values o 4iG Reynolds number. 
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